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PREFACE

This report is the outcome of the labor of many people who have
found fascination in on¢ or more facets of the subject it embraces. It has
made use of old, tried and tested methods of analysis and interpretation
as well as new techniques, specially developed and refined for the tasks.
We venture to think that some of the numerical methods developed for
probing the oscillating characteristics of bays, harbors and enclosed -
bodies of water represent a.major technical advance in coastal engineering,

hitherto unattained in.this field..

The writer for his part has considered this study, for all its
arduousness, to be.a labor of love and learning because of his long
association and interest in problems of this kind. He believes that the
main features of the surging problem in Monterey Harbor have been un-
covered in these pages even in the face of a great paucity of information
of one kind and another. The recommendations for methods of modelling
the harbor and its environment are the best that can be adduced from our

understanding of the problems involved.

- The writer wishes to acknowledge here the very valuable-contribu-
tions of Drs. James Hendrickson and Robert Kilmer who were mainly
responsible for advancing.th‘e state of the art in the numerical analysis of
the oscillating characteristics of semi-c¢nclosed basins. These develop-
ments, which have been elaborated in two appendices to the report,
involved many pitfalls and difficult obstacles which had to be surmounted. ’
That they were successfully overcome is a tribute to their talents and
team work, Dr. Hendrickson was mainly responsible for elaborating the’
theory of the appendices and Dr. Kilmer for programming the complicated

calculations,

The excellent work of Messrs, Takashi Umchara and George Zwior
in the luborious preparation of wave-refraction diagrams and illustrations

for the report descrves special mention.  Miss Jeanne Reitz, with the
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assistance of Mrs. Bett); St. Ceorge and Mrs. Chris Letterman, has

been responsible for the typing of the manuscript. Others who worked
on the contract at different times were Mr. Helge Norstrud, Research

Engineer, and Miss Dorothy Foster, who assisted in drafting.

Basil W, Wilson
Program Manager
and Principal Investigator

San Marino, California
October, 1965
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SUMMARY

This report attempts to answer basic questions regarding the feasi-
bility of reproducing in an engincering model the surge phenomenon that
at various times occurs in Monterey Harbor, California. To this end, a
fairly extensive discussion is devotzd to the wind and wave climate pre-
vailin.g in and ncar Monterey Bay. Sea and swell data are summarized for
the deep-water vicinity-area and for Monterey Bay itself, with particular .
reference to the southern portion, for the coast of which the distribution
of refraction coefficient values is given for ordinary waves. Monterey

Harbor tends to be quite well protected from the longer-period swells.

Statistical data for the occurrence of long-period waves at three
sensor positions in-Monterey Harbor are examined and compared with
similar-type data for Santa Cruz Harbor, at the northern extremity of
Monterey Bay, and for Half Moon Bay Harbor (some 60 miles north of
Monterey). Seasonal peculiarities are in evidence. Energy spectra for
the long wave data are compared with earlier studies of the Corps of
Engineers {1949) and with the results of Residuation analyses made in this

report.

‘The oscillaiing characteristics of Monterey Bay are e.\.an.{ined from
several points of view., First, known analytic modes of oscillation of the
water body in various semi-enclosed basins of simiple geometrical shape
are discussed. Application is made to Montcréy Bay by likening it to the
quadrant of a circular basin of ¢ither uniform depth or paraboloidal bottom
slope. For greater exactitude numerical methods of calculating the oscil-
lating properties of the bay are pursued. These start from the premise
that & nodal condition tends to prevail across the mouth of the bay between
Pinos and Santa Cruz Points. An improved Defant-Raichlen numerical
"talweg' procedure gives the expected two-dimensional (vertical plane)
modes of oscillation, while an improved Stoker numerical procedure yields .
the expected three-dimensional modes of oscillation of the bay. The com-

puter programs for performing these calculations have been checked by

NV
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applying them to special cases for which the analytic solutions are known.
The three~dimensional modes for the bay reveal that the deep Monterey
canyon has a profound effect on the oscillating regime. The submerged
canyon causes the bay to function virtually as two independent halves about
the canyon centerline with only weak coupling between the two sections,
The three~dimensional numerica.l analysis, however, is considered to be
reliable only for the lowest modes of oscillation because of the considerable
uncertainty that the node-condition at the bay-mouth can be sustained for
higher modes of oscillation of the bay. Because of this deficiency, the
two-dimensional numerical pro.cedure was applied to the Monterey bight
{east of the Montere); Peninsula), and the modes of oscillation found for

this smaller bay are expected to be more representative of the area enve-

loping the harbor.

A de.ta‘iled study is made of the manner of propagation of long period
waves into Monterey Bay. Wave refraction diagrams are drawn for inci-
dent long waves from three directions encompassing the angular window of
approach to Monterey .Bay.' Unlike ordinary short waves, the long waves
reach Monterey Harbor with pra{ctically ro difference in direction, though
there are strong differences ol ciiergy conten
developed for the primary long wave reflections in the neighborhood of the
harbor and these are combined with the incident waves to determine the
primary standing wave formations likely to develop in the harbor area.

By suitably taking into account the distribution of refraction coefficient
values for incident and reflected long waves, as also the shoaling coeffi-
cient values, the resulting standing wave amplitudes can be normalized to
unit value of long wave height in deep water (10,000 ft.). Graphical’
synthesis is made of standing wave formations, for four periods found to
be important in the wave records for Mentercy Harbor.. The node positions
for these oscillations, found graphically, agree fairly well with the node
positions suggested by the two-dimensional, numeral "talweg' analysis
for the Monterey bight. :

Considerable attention is given to the question whether the surge

phenomenon in Monterey Harbor is the consequence of surf{-beats or of

genuine Jong-period waves. It is concluded that the latter are most prob-
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ably the cause, and their relatioﬁship to cyclonic storms is indicated. An
attempt is then made to interpret and correlate the results of all the field 2
measurements with those of the theoretical and graphical analyses. Reason-
able agreement is found and explanations.are given for some of the prom-
inences in the wave energy spectra found at the three sensor locations in

the harbor.

e tias . L

The final section of the report discusses the feasibility of a model
to reproduce the surge phenomenon and draws upon all the information
gained in the preceding parts of the report for this purpose. It is concluded
that the conditions can be modelled with reasonable chance of success,
and suggestions are made for the calibration of the model and for the

analysis and inierpretation of the results it may yield.
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MONTEREY HARBOR, CALIFORNIA

{Photo, U. S. Army Engineer District, San Francisco)




I. INTRODUCTION

The development of Monterey Harbor has been the subject of
mature consideration by the Army Corps of Engineers for a large number
of years., By 1946 it had become evident that the rubble-mound break-
water was unable to provide sufficient rnooring area within its leec for the
increasingly large number of fishing boats and small craft using the har-
bor and that protection from waves and long-period surges was also
inadequate. The area had been tradi!:ionally subject to the phenomenon
of long-period surges which caused violent movements of small craft
within the sheltered are.a and very little was réally known at that time,
both as regaras the origin of these disturbances and their general be-

havior within the harbor area.

A wave and surge-action model study of the yroblem was authorized
by the Chi-ef of Engineers, U. 5. Army, on March 7, 1946, and led to
model experiments performed at the Waterways Experiment Station of
the Army Corps of Engincers at Vicksburg in the period November 1946.
to April 1948 (Hudsén, 1949)." Various proposals for development of the
harbor were tested out in the Vicksburg mode!, but although these plans
shuwed that adequate protection could be secured i
intermediate -period wave action, the conti'ol of long-per_iod wave action

of relatively large amplii:ude remained unsatisfactory.

In the intervening years since, Montercy Harbor has develooed
mainly as a marina with the construction of a frontal wall and trestle
from the center of Municipal Wharf No. 2 and the provision of an array
of small craft floating docks within the marina. A plan for the extension
of the breakwater towards the opposite shore and a large increase of the’

shelter area, although authorized for construction,has not yet been put

into cffect.

The increasing attention focused on long-period wave phenomena

in harbors in the last 25 years (since World War I1) and the rapidly

" devcloping sciences of long-period wave and surge-action modeiling and

measurement have influenced the Corps of Engineers meanwhile to

‘e
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reconsider the possibility of attaiﬁing a solution of the problem, The
present study represents one facet of this program of further investiga-
tion, and may be said to have been a consequence of the Monterey Harbor
Model Conference held in Pasadena on July 3, 1963. Attendces at this

" conference included:

Mr. William J.. Herron, Jr.
Los Angeles District Office

Corps of Engineers

Mr. John G. Housley
Waterways Experiment Station

.Corps of Engineers

Mr. Robert Y. Hudson
Waterways Experiment Station

Corps of Engineers

Mr. Charles E. Lee
Chief Engineer's Office

Corps ot Engineers

Dr. Bernard Lé Mehauté

National Engineer{ng Science Company

Mr. Orville T. McGoon
San Francisco District Oifice

Corps of Engineers

Dr. Lars Skjelbreia

Science Engineering Associates

Mr. Olin F. Weymouth
San Francisco District Office

Corps of Engincers .

Dr. Basil W. Wilson

Science Enginecring Associates “~

_2.
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At this conference Messrs. McGoon and Hudson enlarged on the
subjects raised in preliminary correspondence with Wilson regarding
possibilities of an analytical study being made for the whole of Monterey
Bay, with wave refraction diagrams, etc., that would yield modes of
oscillation and throw light on the means whereby Monterey Harbor could
be modelled with some chance of reproducing accurately the effects of
long-period waves. It was intimated that Monterey Harbor was much
subject to oscillations in the period range from 20 secs. to 15 mins. with
ranges of height from 2-1/2 to 3 feet fc;r_ the longer periods to aksut
6 ins. for the shorter periods. - On the other hand,” the harbor was
apparently well protected from normal wind waves.and swell. As noted
already, the problems of surging in Monterey Harbor had been investi-
gated in an early model by Hudson (1949), (see also Wilson, 1957), but
it was felt by Mr. Hudson himself that the results were not wholly reli-
able because .techniques of modelling long-period waves at that time were

not too well refined.

Discussion ensued on surge—-action models in general and the
methods used in activating séiche or surge action from long-period waves.
It was recognized that the possibility existed that surge activity was re-

lated to surf beats from groups of high waves in normally-incident storm

swell and that this type of activation in models had succeeded in repro-

ducing such effects (cf. Reid and Wade, 1963). On the other hand con-

ventional generation of long-period waves of regular type also produced

~ the appropriate effects (cf. Knapp and Vanoni, 1945; Knapp, 1949; Carr,

1953; Wilson, 1957, 1959).

The parallel was drawn between Monterey Bay, Caiifornia, and
Table Bay, Cape Town, South Africa, and the sirong similarities that
existed both as regards shape of the bay, location of the harbor and
frontage on ocean tracts over which cyclonic storms always tend to ap-
proach the coast, were.emphasized. Atlention was drawn to the fact that,
in Table Bay, long—period seiches which caused violent surging in the
harbor entrances had been proven incontrovertibly to be linked to baro-

metric fluctuations from long-period air waves moving in from the sea




{Wilson, 1953) and that there seemed good reason to suspect that a simi-
lar phenomenon would exist for Monterey Bay. On the .other hand, long
waves of shorter period, say in the range fr.om 20 secs. to 12 mins. were
almost always ground-swells accompanying storm waves {or swells) from

travelling cyclones of the open ocean (Wilson, 1951, 1957, 1959).

Demonstration was given of the wave-refraction diagram technique
of examining the oscillating characteristics of the region in the manner .
used for Table Bay (Wilson, 1953). The thought was that the same system
could be used for Montercy Bay.

Dr. Lé Mchaute drew attention to the fact that if surging was the
outcome of surf-beats, then the orthogonals or wave rays of incident .
waves would differ from those of incident long waves, although the re-
flected surges would obey the refraction laws for long waves. It was
felt, however, that the differences would be slight and that refraction
analysis based on the wave velocity law c = .\/g_l-l {g = acceleration due

to gravity; h = water depth) would be justified in all cases.

Messrs. McGoon and Hudson pointed out that though Monterey was

= e AL -l

the principal object ot study at tne present iimne, ihecie was the possibility
that with develop;'nents in the Santa Cruz area at the northern end of
Monterey Bay similar problems would arise. The writer felt that,
ideally, the modelling of Monteréy Bay and its harbors should incorporate
the whole of Monterey Bay and somg o.f the continental shelf outside the
bay, but that such a large model mi'gh:t. not be economically justifiable
and, in any case, would require supplementation with another model for

Monterey Harbor, for more detailed results.

It was pointed out that the prolj)lems were highly intricate (cf.
Biesel and Lé Mehauté, 1955) becaiuse modelling of a fraction of the bay
required the introduction of artifici.éxl boundaries which could be of con-
siderable importance to the reprod‘uction of realistic conditions. Never-
theless it was felt that it would only be rational to base a model design
on a thorough examination of the probable oscillating characteristics of

the area.




-

Messrs. McGoon, ch'mouth and Hudson sought advice as to the
most advantageous positions for locating long-wave recorders in and
near Monterey Harbor. The writer, while endorsiag the interior locations
favored by the Corps of Enginecrs, advocated particularly a gage location
outside the Municipal Wharf No. 2, near the shore, since this would be an
area that would always be antinodal for whatever oscillations tended to
oceur at the southern extremity of Montercey Bay. Two other positions
recommended were on the northern side of the breakwater near the shore
where oscillations will also tend to be antinodal and off the end of the

municipal wharf at the entrance to the harbor.

Messrs. McGoon and Weymouth indicated that the field program of
installing long-period wave recorders and securing spectrum analyses of
the results would involve some little time for its implementation, but
they felt that the study should include interpretation of the field experi-
ments in the light of theorectical analysis. The writer's feeling on this
score was that the wave-refraction diagram analysis could beneficially
be started ahead of the field program on the basis of,. say, a year's effort,
so that at the end of perhaps six monthis, when wave spectra and other
ficld data became available, the .studics could be integratc_d and conclusions

drawn.

The meeting concluded with the following general query epitomized

by Mr. Hudson:

On the basis of wave refraction and/or other analyées for Monterey

Bay,

. What type of model or models could best take account of the

known surging in Monterey Harbor?

2. How should the model(s) be designed to accomplish this

purpuse?

3. How could the ficld spectrum data be used in formulating a

test program?




4, What type of analysis should be applied to the model °

results ?

Such, then, is the background to this study and such are the ques-

tions which this report attempts to answer.




1I. WIND AND WAVE CLIMATE FOR MONTEREY BAY AND VICINITY: o
INTERPRETATION OF FIELD MEASUREMENTS '

1. Location and Characteristics of Monterey Bay wnh Respect to the
Pacific Ocean

Monterey on the west coast of the United States, about 60 n. miles
south of San Francisco (Fig., 1) lies at the southern extremiiv of a large
semi-elliptical bay (Monterey Bay) wh.ich has topographical features of
rather special interest. It is evident from Fig. 1 that the deép trough of
the North Pacific basin south of the Mendocino seascarp, approaches
closer to the coastline at Montcrey than at any other point along the North
American coastline. This trough is bounded on the southern side by the
Murray seascarp (Fig. 1) and is therefore something of a deep-walled
channel running in a west-east direction up to the comparatively narrow
continental shelf off San Francisco and Monterey. The significance of this
for Monterey Bay is that long-wave encrgy that may happén to be propa-
gated across the North Pacific Occean along this direction suffers a degree
of containment which may not be wholly offset by the tendency for the )
energy to spill over the scascarp, as a result of refraction. @

A pcctliiia:rily of e depih gonivurs nearer o the bay, siwwwn in Figs.

1 and 2, is their convexity, seaward, up to about 10,000 ft. depth, and
their concavity, secaward, at lesser depths. The concavity rapidly becomes
acute and lecads to a deep aubmarlne canyon that penetrates almost to the
head of the bay at Moss Landmg The continental shelf within the bay, -
running out to about the 600 ft. depth contour, is seen in Fig. 2 to be split

by this submecerged canyon, a fqu"of which protrudes in the direction of

Santa Cruz. This deep canyon \yili be shown to exert a very important

influence on the oscillating characteristics of the region.

A feature of Monterey, wl'l\ich is worth noting, is its strong similarity
to Table Bay, Cape Town, South Africa (shown inset in Fig. 2), both as
regards shape, outlook, aad latitudinal position in the respective
hemispheres. Table Bay is considerably smaller and shallower than

Monterey Bay and has no canyon cleavage, but it is significant that both




o0s B FIGURE 1

sl
on

5, G
My, =
£

S
TS

79 / ﬁ'
NPy iﬂ

TOPOGRAPHY OF NORTH-EAST ,q*—'f’

PACIFIC OCEAN S

LOUATIGER

e toor,
Cmrtnae s
"o

O Shabbed Mot
(e !




37° N

ROBBEN
ISLAND

36°N

FIGURE 2

LOCATION OF MONTEREY BAY, CALIF,, SHOWING

- APPROACH DIRECTICNS OF WAVES (INSET, TABLE

BAY, CAPE TOWN, SOUTH AFRICA)

-g-

o o om0 g0 [N




R R S T KR T

.

bays have about the same pousition in their respective hemispheres with
respect to the great oceans and the weather systems that move across
them, and both bays are considerably affected by long-period surging

phenomena.

2. Prevailing Winds and Storms Affecting Monterey Bay

The similarity, just referred to, may be enlarged upon with the aid
of Fig. 3, which shows the dominant atmospheric pressure systems pre-
vailing over the North Pacific Ocean in January and July, respectively

representative of winter and summer conditions.

A permanent high-pressure zone is shown to persist in the eastern
Pacific and forms, in fact, a belt across the ocean in an east-west direc-
tion between latitudes 300 and 409 N. Similar high-pressure belts extend
across the oceans in the southern hemisphere in about the same latitudinal

positions.

During summer (July) in the northern hemisphere the high-pressure
belt moves northward and centers mainly at about latitude 37° N. In
winter (January) the high-pressure moves southward and reaches a jatitude
of about 329 N. This retreat of high-pressure in winter towards the
equator is also a feature of the southern hemisphere but occurs, of course,
at a time which is seasonally:out of phase with the movement in the north-
ern hemisphere. Taken collectively, the high-pressure belts of both
hemispheres move in unison to a n:o.rthern limit in summer (northern

hemisphere) and southern limit in \yinter {northern hemisphere).

The effect of the migration'o.f the high-pressure belt equatorward is
shown in Fig. 3a by the developxjnent of a well-defined low-pressure
center in the North Pacific basin. ‘The dominant path of the low-presshre
centers of extra-tropical cyclon’{c storms (of importance to the west coast
of North America), which peal off the high-pressure belt (hea'y arrows in
Fig. 3) suffers a seasonal shift corresponding to that of the high-pressure
belt. In winter thercfore these storms are much more proximate to the
California coastline than in summer and bring the west coast most of its

rain.

-10-
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Apart from the occasional (transient) infusions of these storms,
{which, for short periods, strongly dictate the wind directions)., the p_ré-
vailing flow of air, and therefore direction of wind, is governed by the
pressure gradients of the more slowly changing high-pressure belts. This

flow of air is indicated by line arrows in Fig. 3.

In greater detail than can be interpreted from charts of th.e type of
Fig. 3, Fig. 4 shows how the prevailing wind directions, which bear upon
the Califorhia, Oregon and Washington coastlines, change from month to
month, as also the dominant atmospheric pressure. pattern. It is evident-
from Fig. 41 that the prevailing winds bearing on Monterey Bay are from
W or WRNW, T}.Irough June, July and August there .is a progressive shift
of wind direction to NW and NNW and in September and October a reverse
trend towards WNW and W, which is largely maintained through November

and December.

Since infiltration of storms are few in summer months, the winds of
Juﬁe, July and August largely determine the directions of waves reaching
Monterey Bay. In summer thercfore wave approach is likely to be pre-
dominantly from NW and NNW . In winter time wave directions are more
likely to be from W, WNW and NW . The.cros_sing over Monterey Bay of
an extra-tropical frontal storm will bring winds from SSW, ahead of the
warm front, followed by .stronger winds from WSW and finally, from

behind the cold front, the strongest winds from WNW and NW .

3. Deep-Water Wave Statistics in Vicinity Exterior to Monterey Bay

At a typical deep-water station off the California céast, in the
neighborhood of Monterey Bay and San Francisco, the annual wave con-
ditions may. be interpreted in the form shown in Fig. 5. This shows the
percentage frequency of occurrence of 'sea’ and swell from the NW, W
and SW directions at a location 37.59 N. latitude, 123. 6° W. longitude,

indicated as Station 3 in Fig. 4,

The source of data for Fig. 5 is the U. S. Navy's atlas of sea and

swell conditions in the North-East Pacific Ocean (Hydrographic Office,

-12-
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1964). The band-widths marked LOW, MEDIUM and HIGH are the actual
percentages of the frequency of occurence of waves in these height

categories.

An independent source of data for the same station is to be found in
a hindcast study performed for the U.S. Army Corps of Engincers
(National Marine Consultants, 1960). These data yield band-width fre-
guencies of occurrence of low, medium and high sea and swell conditions

over the year in accordance with Fig. 6.

Generally speaking, there is a similarity between the results of
Fig. 5 and Fig. 6. Fig.. 6, however, shows a much higher frequency of
occurrence of sea and swell from the NW in the summer months than does
Fig. 5, but this may be ascribed perhaps to the fact that the Hydrographic
Office (HO) data for 1944 showed a fair amount of wave activity from the
north compared to very little at all from north in National Marine
Consultants (NMC) data. One may suppose that a proportion of this ‘wave
activity from north in HO's data could be added to that from the NW to

bring Figs. 5 and 6 into closer agreement.

NMC's data in Fig. 6 which are based on hindcasts covering a period
of three years (1956-1958), must be considered more reliable than HO's
data of 1944, if for no other reason than that they are more detailed ard

that wave hindcasting techniciués have been considerably improved in the

’ intervening decade and a half. Bcth Figs. 5 and 6, however, agree in

showing that sea conditions are low and infrequent throughout the year
from all primary directions other than NW. From that direction in July

the relative frequencies of occurren-:e of low waves (height < 3 ft.),

" medium waves (height, 3 to 7 ft.) and high waves (height > 7 ft.) are

respectively 20, 42 and 15 percent. In July low swells from the NW
dominate, as shown in Fig. 6. In the winter months, however, medium

and high swells from due west tend to become more prominent.

In interpreting Figs. 5 and 6, it should be clear that the frequency
of occurrence of sea or swell of any kind is given by the cumulative band-
width or maximum ordinate-value of the uppermost curves. Thus in July

N
.
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there is an 86 percent chance of occurrence of swells of low or medium
heights approaching from the NW direction as against a 14 percent chance

that they will come from the west.

Typical average annual sea and swell roses for Station 3 are repro-
duced from NMC data in Figs. 7a and 7b ., Corresponding data for the
deep-water Station 4 at latitude 35.5° N, longitude 122.0° W (see Fig. 4)
are also included in Figs. 7c and 7d. The wave roses give histograms -
of percentage of occurrence along primary and secondary directions
averaged over a year, The usefulness of the annual averaging is open to
question in the light of Figs. 5. and 6, but the roses display very promi-
nently the fact that waves approaching the California coast in the neighbor-
hood of Monterey Bay are predominantly from the northwest. The low

degree of activity from the southerly directions is also very striking.

4. Approach of Waves to Monterey Bay

It will be apparent from Figs. 1, 2 and 4 that the avenues of
approach of waves to Monterey Bay are restricted to about one quadrant ) &
of angle, between WNW and SSW. Short wind-waves, which refract only
in depths of water less than say 600 feet, may obviously reach the bay
from any direction within this quadrant. Long waves, on the other hand,
subject to refraction at much greater depths, are apt to have their angular
window of approach.considerably treduc_ed by the time they are near the
mouth of the bay. This is made evident by the orthogonal propagation
lines shown in Fig. 2 and will be fur'th;e_r illustrated at a later stage in the

report, when we come to consider details of long-period wave refraction,

5. Results of Available Studies on Refraction of Ordinary Wind Waves
in Monterey Bay '

It seems appropriate here to consider such information as may be
available on the penetration and refraction of ordinary wind wave:- and
swells into Monterey Bay. The refraction of waves of this kind in .

Monte.rey Bay has long been an exercise for engineering and oceanography

-18-




Py s ap s

" A(VIVA SINVITASNOD ANIYVIN TVNOILVYN) VINYOJITVD ..H.q.m..HZNU '
JO LSVOD 40 ‘€ NOILVLS ¥OJ SESOU TTIMS ANV VIS TVANNY TDVEIAVY L I3anodly

cMuine Lot . XS IENE LN

. Bl e " 3 T T 7T e
o0 e w v Jva (40 e " Lvpd Java /
A LEXWE XK P TN T YN - /
T T PP ° 0

° - € NOiLVlS

1739320 L8DIN e

o TP

~rrTT

4
4
4s
Jo
4~
e
4~

2343830 IN7INIE

(M)=uaupdn Javm
LR NN L)
o¢ e .

(AN TTD T 7103
LN N
ot YT

°

°

e

2]
IININENI0 i8DINIE

(%]
nnun;:i FUYELS 1]

W
173
7]
2

ot L9t
LI B I B B e

ole

° ole 0

An3d834

SR X 1)

NOILD3uIa
3283y4N220 IN3IWId
NO112310

3283880220

o

or

MSm

ot

o0
©oresetr

T

LR U

o

; (q)

k1 Y g (U b Ludign JAva

o - XWX

H [T
~ MNM

o8 R

° : i
%001 - AXN m -_ ‘o a6
o
N N

LA KN R A

. & o . A LN
| e w'iemae JATA o (1510 ' aveide JAve :

> e QL oR LEOCKIEK W R
T T T Y

13

oc
Lai)= mgmOm JAva
R IR

4

2IMINeNII0 InDINde

2

FELRCTLSRTANTS b1 2

°

o ot

i

t

2

AININeAII0 AN

oz

°
3
* 3INDWNNII0 1NN

ot

RES 6% o0 oo &0 © =0 - ca a a o - . .. o

-19-




e \

(viva (SINVITNASNOD INIYVIN TVYNOLLVYN) VINYOJITYD TVHLNID J0 .
LSVYOD JAJ0 ‘€ NOILVLS ¥OJ SISOH TTAMS ANV VIS TVANNY IDVIIAAY  ('3uod) L JunodIid

sugine et

q smorHE Ot
T ™ — TETT VT °
146 e u'awmde Java tanie miiemae Javm
P T X T, . seanesotr - P XTI E KRR s uonesy i
TTTear] © 2 YT Ty - T
H o » Lo 14 20_.—.4.—.@
b
ol o o og o o
m ) e u1upiIu DAve . m €)= W lutIn JAve
ag o.l..--.oo 131 [ EXYEXE =
2 ot i T w—— 0 % H o¢ T Ty 0 X
1 g g _ 2
oc” ) [T o ot
o
5 : :
3sS MSS o2 3ss MSS ota
2 b} ]
o0 WK : o " ~
s ML 0% z R .
o (-]
0% ] 0% E1
m o ™  RE— i Y
o nlo
o\ 3 . 3|8
. z ! ot z|$ ot
r i D
; oY MSM _ ov -,
. - o Q ot
5 LK WE N ) LI K )
T ° 1 °
1 T ——" &
. o o
H (P) M r (3) M
o ot o3
ot
(31 4 LweIn Jave ()= n'inisn dAva
-o..o..J...u-on.oo A8 .,n...oo
MNM H gl
»s e
2 " ?
oeg 0z
2 »
A 3 _ 2
LN I ot
%001 = MNN o % oo MNN

XA LEVEER -

° o2 s s @O NEgLe L

. T T T—
M tile w'iup)n Java - S (e u'iumdn JAve

.
2 !..:.m.-.o !..:ls.—.oo
: T ® 2 7 of . SN B anan on e s
. 2 =
' 2 s
Y (14 o %
- o (1] °o (1]
¥ ors (133
8 ot R R ¢ e cnd ¢ ¢
) z ’
g & a
t o ot
«

i
.

ot

-20-




students at the University of California, Berkeley, and the Naval Post-
graduate School in Ménterey. The work at Berkeley has been affectively
summarized by Johnson (1953) and Wiegel (1964). In Fig. 8 which is
borrowed from Wiegel, the refraction patterns of typical 12 sec. waves
are shown, approaching Monterey Bay from NW, W and SW directions.
Corresponding wave refraction diagrams for Half Moon Bay are also
shown in Fig. 8. Half Moon Bay, situated only about 50 n. miles to the
north of Monterey is of interest because of long wave measurements that
have been made there and will be referred to later. It is evident from
Fig. 8 that by the time the waves from all three directions have reached
Monterey there is no gre.at difference in their lines of advance in the
neighborhood of the harbor. The frontal patterns are, in fact, in good

accordance with aerial photographs such as that of Fig. 9.

Fig. 10 (from Johnson, 1963) gives values of refraction coefficients
along the coastline of Monterey Bay. Since the refraction coefficients
here are measures of the ratios of wave height at the coast to wave height
in deep water, it is seen from Fig. 10c that 8 sec. waves from WNW
reach the coast between Monterey and Moss Landing with very little change &
from their deep-water height. Longer waves of 14 secs. period appear

to exnerience onite a reductinon n_‘; wave heioh
H nwte a rec daial @i SEPESKD il

2
[0zb]
3]
§]
[¢]

consequence of the deep submarine ca-nyon, already noted in Fig. 2. The
effects of this canyon are not very evident in Wiegel's diagrams {Fig. 8)

which probabl.y are more symbolical than accurate.

By way of checking the Berkeley results, selections were made of
some of the best-students' efforts in wave-refraction diagram construc-
tion at the Department of Oceanography, Naval Postgraduate School,

Monterey. From these the refraction coefficients Kr according to the

H . : b '
—-— = K = 1
H_ I"r /_ —{:— (1)

were determined. Here H and b are respectively the significant wave

equation

height and the breadth between wave rays {(or orthogonals to the wave

A
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FIGURE 9

AERIAL PHOTOGRAPH OF MONTEREY HARBOR, CALIF.
SHOWING INCIDENT WAVES AND SWELLS
(Photo, U. S. Army Engineer District, San Francisco)
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fronts), and the zero subscripts refer to the values of H and b at the
deep-water limit where the incoming waves have not yet felt the influence

of depth.

- The results of these determinations are plotted in Fig. 11 for a
variety of wave periods from 8 to 20 secs. and a number of different
approach directions from SS.W to WNW. In Fig. 11 the coastline has been
marked in n. miles, measured from an arbitrary ze;'o near Monterey.

"One notices from this figure that for all wave directions between WNW and
W, bearing on the southern half of Monterey Bay,. the reiraction coefficient
(Kr)-values are close to unity over the portion of the coast (close to Fort
Ord) between 5 ana 11 n. miles from the origin. As wave direction veers
from W to WSW, SW and SSW, so more protection is gained from Monterey
Peninsula and the Kr-values near unity are pushed to greater distances
(eventually 10 to 11 n. miles from Monterey) where high concentrations
of wave energy can occur and Kr-values exceed 2.0.  Higher frequency
waves, such as the 8 secs. period and lesser periods, are not affected
in this respect because of their ability to travel closer inshore before

suffering sensible refraction.

We may reach the conclusion then from both f’igs. 10 and 11 that
Monterey Harbor (near the origin in Fig. 10) is well protected from the
worst effects of waves and swells (pe.riods 12 to 20 secs.) but is still
susceptible to the influénécs of waves in the period band 3 to 10 secs,,

say:

6. Wind-Wave and Long-Period Wave Statistics for Monterey Harbor

(Marine Advisers' Data)

Monterey Ha.bor is shown in detail in Fig. 12, as also i@ the aerial
photographs, Fig. 9 and Frontipiece. Under contract to the U. 5. Arﬁxy
Engineer Corps' District, San Fr:.;ncisco, ,‘.1ar.iné Advisers (.196-1 a)
installed and operated » group of three wave sensors positioned at locaztions
I, 2 and 3 (Fig. 12). Sensors 1l and 2 were arranged to filter sea-swell

and tides from the records and therefore functioned as long-period wave
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recorders. Sensor 3, off the end of Municipal Wharf No. 2, was used to

record sea and swell reaching the harbor,

The results of Marine Advisers' tabulated data (1964 a) are conveni-
ently summarized in plots such as Fig. 13. The data cover a 6-month
period frem October to April and plot percentage frequency of occurrence
of waves of different heights and periods against time. The band-widths
between adjacent isolines define the frequency of occurrcnce of a particular
range of significant wave periods or of significant wave heights. As an
example of interpretation, consider the time at the end of February or the
beginning of March. Accoerding to Fig. 13a, then, of waves and swells
occurring at Sensol' 3 position, 7 percent would be of 8-10 secs. period,
16 perzent of 10-12 secs., 36 percent of 12-14 secs., 33 percent of 14-16
secs., 7 percent of 16-18 sccs., and 1 percent of 18-20 secs. From
Fig. i3b we find for the same time that 23 percent of the waves would
have a signifi.cant wave height less than 0.5 ft., 68 percent a height in the
range 0.5 to 1.0 ft. and 9 percent of 1.0 to 1.5 ft.

This type of time-plot of the data shows us certain interesting trends
of change. It appears that in the period December - January - February
there is a marked increase in the longer period waves in the wind-wave
spectrum and a corresponding increase in waves-of larger height, On
comparing this with Fig. 6, a rough correlation can be established for the
swell conditions at the deep-water Station 3 for the case of Westerly swells

which predominate at this time of year.

Refefring now to the leag-wave sensor data shown in Figs. 13c to
13f, we find a somewhat corresponding trend at Sensor 1, near the break-
water, the tendency being for the shorter periods to be suppressed in

favor of the longer, and the lesser heights in favor of the.larger.

There is, however, an important out-of-phasing whici merits

attention. The tendency to highest long-period waves at ‘Sensor 1 occurs

towards the end of Jaruary, whereas the highest swells on Sensor 3 are
found at the end of December and early January. Periodwise,the strongest

trend to long periods at Sensor 1 occurs in December, whereas it is in
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January at Sensor 3. Within the marina at Sensor 2 (Fig. 13e) there is
a growth towards longer periods in December similar to that at Sensor 1,

near the breakwater.

One further important out-of-phase difference may be remarked be-
tween Sensor 3 (Fig. 13b) and Sensor 2 (Fig. 13f). At the same time
(December-January), that ordinary swells are increasing strongly in height,

long-period wave effects in the marina are diminishing to low heights.

! Curiously the effects in terms of he1ght at the long-wave Sensors l
and 2 (Figs. 13d and 13f{) are also largely out-of-phase. The strong
tendency for development of large amplitude disturbances in the marina in
February is accompanied by a lessening of amplitudes at the breakwater.
This could be accounted for perhaps by a progressive directional change
with time of the long waves reaching Monterey Harbor, resulting in a .

secular change in the regime of oscillation and the movement of its nodes.

For the present the evidence seems to favor the view that the occur-
rence of long waves in Monterey Harbor is not the direct consequence of

the occurrence of high swelis. There appears to be 10 inscpd

In passing we note that at Sensor 1, near the breakwater, 140-180
secs., 3-4 and 4-5 min. oscillations are particularly prevalent. Within
‘the marina at Sensor 2 it is 4-5, 5-6 and 6-7 min. oscillations that

predominate. We shall have occasion to refer to this again.

1. Wind-Wave and Long-Period Wave Statistics for Santa Cruz Harbor

(Marine Advisers' Data)

Santa Cruz Harbor (Fig. 14) is located at the northern extremity of
Mouterey Bay (cf. Fig. 2) and would thus appear to scecure some dégree
of shelter from the northwes!erly waves and swells that most frequently
assail Monterey Bay. Wave recordings for Santa Cruz, similar to
Monterey Bay, were made by AMarine Advisers (1504 b). A sensor, re-
cording ordinary sea and swell, was cstablished secaward of the west jetty.

A second sensor, capable of recording long period waves, was positioned
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inside the harbor; exact locations have not been ascertained.

The tabular data (Marine Advisers, 1964b) has been plotted in Fig.
15 in a manner similar to that of Fig. 13. Unfortunately the sea-swell
data are restricted to only three consecutive months and that of the long-
wave sensor to only five months. Nevertheless rather interesting paral-
lels are found between Figs. 13c and 13d for Monterey Harbor and Figs..
15¢ and 15d for Santa Cruz Harbor. The same suppression of shorter
periods in favor of longer is found in the period December-January and
the same proclivity for greatest amplitudes occurs in January. In Santa
Cruz Harbor the predominant periods are 140-180 secs., 3-4 mins, and

10-14 mins.

The records from the sea-swell sensor (Figs. 15a and 15b) are too
limited in length of time to be able to establish any very obvious trends of
change. The evidence, such as it is, supports decreasing sea-swell
periods at the same time that long wave pericds are increasing -- again
supporting the view that there is inde'peridence between these phenomena.
On the other hand, the height data of Figs. 15b and 15d do show correla-
tion in that long-period wave heights 'were on the increase (in January) at

the same time as sea and swell, exterior to the harbor.

1
1

8. Long-Period Wave Statistics for Half Moon Bay (Marine Advisers'
T
Data) : ,

Although not specifically within the range of study of this report, the
long-wave activity in Half Moon Ba);r is nevertheless of interest because of
the proximity of this bay to Monteréy Bay and its susceptibility to the same
basic forms of excitement that stimjul_ate the long-period surging in

Monterey Bay. /'

:
The location of Half Moon Bay with respect to Montercy By and the
deep-water Stations 3 and 4 is shown in Figs. 2 and 4, and the shape of
the bay is well illustrated in Fig. 8. The long wave sensor installed and
operated by Marine Advisers (1964 c¢) in this case was located within the

lee of the west breakwater of the harbor, near Pillar Point (Fig. 8).
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In Fig. 16 we plot the frequency of occurrence data for wave period
and wave height on a time-base as before. The data in this case span a
full year 'and may be compared conveniently with the open-sea swell data

of Fig. 6 at approximately the same latitude.

It will be noticed that the increase of long-period wave heights over
the months from October to March, manifest in Fig. 16b, is supported
by the corresponding increase in swell activity from the westerly approach.
over those months, shown in Fig. 6. This suggests again, as already
deduced in Section 6, that weéterl.y swells. and long waves in the fall and
winter months are mainly responsible for the surge phenomena in bays on
the west coast, Ihdirectly this supports the viewpoint that léng;period
waves are associated with the greater proximity during these months (than
at other times) of the extra-tropical storms which pare off the high pres-
sure belt in the East Pacific Ocean. Precisely the same conclusion was
arrived at in respect to the occurrence of surging in Table Bay Harbor,

Capé Town (Wilson, 1951, 1959)'.

Comparison of Figs. 13 and 16 shows a general correlation between

...... £ Vnwwm _naviad e
<

9 ~a oA 3 g
ANRTITAST CL ATUE-pITLTT WAY v

s at Half Maoon Bay Harhor and Manterey

7
Harbor. It is noted, however, that heights of disturbances are very much

smaller at Half Moon Bay and periods are generally lower, most of the

_agitation occurring in the period ranges 60-80 and 80-100 secs.

9. Cor.ps of Engineers' Data for Monterey, Moss Landing and Santa

Cruz Harbors

Four sheets of drawings (Nos. 6/17/19 of June 1964) supplied to
this project by the U. S. Army Engineer District, San Francisco, com-
prise running time-plots of principal sensor wave periods and heights at

. both Santa Cruz and Monterey Harbors together, with estimated wind
velocity and direction and predicted incidence of swell. These have been
closely examinzd with a view to reaching conclusions that could shed light
on the relationship of the surge phenomenon in Monterey Harbor to the
measured long-wave characteristics recorded on Monterey Sensors 1, 2
and 3, and Santa Cruz sensors {No. 143 and No. H 142a) as well as local
wind and swell.
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The following observations seem to be pertinent:

a. "Occasions of troublesome current in the marina entrance
at Monterey Harbor are apparently linked to moderate to
strong winds from NW, W and SW, when by qualitative

estimate, the wind velocify exceeds about 12 knots.

Comment: This could mean that the presence of local
wind results in stimulation of oscillations of the whole

bay with pefiods long enough to pump the harbor and cause
strong currents in the entrances. Local strong wind could
generate short period waves that could activate the boats at
their moorings. It is suspected that small boats will respond
adversely to high-amplitude wind waves and swell that
manage to penetrate the basins. An exception to conclusion
(a) must be noted. On January 15-16, 1964, the wind was
almost negligible and sensor activity was low (H < 1 ft.
in general, except for Sensor 3) yet current activity wa:z

D el
qd eal

~t 4l -
gy wall

reported over this entire period. It is suspectis
was a period of bay seiches induced by barorm: rric oscilla-

tions under fine weather conditions. Direct air-water coupling
of this kind is a cause of seiches .in lakes and bays (cf. Wilson,

1953a).

b. Occasions of troublesome current in the marina entrance
are apparently not dependent on large amplitudes of long waves
in the period band fronm1 160-400 secs. (average 4 mins.},

with Monterey Sensors 1 and 2 registering heights H > 1 ft.

Comment: The record for April 1964, for instance, shows
no trouble in.thp interval April 10-17. The sensor at Santa
Cruz at this time was showing waves of 12 to i8.5 secs.
period with H =~ 2.75 ft. Winds at this time were generally

tow-rated (less thin 10 knots) except on Apr\il 11 and 16-17.
' ~

On January 27-28, 1964, there was exceptionally high.q{cti\'ity.
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on Sens;)r 1 (T = 240 secs. , H =2 3 {t.) but current activity
was not reported for 4 hours from 10:00 to 16:00 on January
28. Santa Cruz had only moderate activity (outside jetty

H =~ 31ft., T =15 secs.)..

i

i

c. Occasions of troublesome current in the marina entrance are
apparently not dependent on high swell conditions (based on

predictions of the Fleet,i\lumerical Weather Facility at
f 3 .

Monterey)..

/ Comment: High swell conditious, for instance, predicted

for March 14-16, 1964, caused no out-of-the-ordinary sensor

activity in Monterey, nor any reported trouble. Winds were

i . low.

Generally, the writéer finds the same sort of elusiveness and intan-
gibility in correlating the data of Drawings 6/17/9 as he experienced when
attempting similar qualitative correlations to define the causes of surging

whv
TSCT

Ca
~ap

the kind of data that were maintained oyei‘ the years 1942-1947 for Table

o Trwen (Witanew
& A0WHN {1200,

in Table Bay Harbor, 1051}, Fig, 17

Bay Harbor (see inset, Fig. 2). The evidence of surging trouble at Cape
Town was generally manifest in the magnitude of the oscillations of period
less than 5 mins. in the large rectangular Duncan Basin. A typicé.l ex-

ample (Fig. 17) is the occasion of May 2-3, 1946 when 5 and 9-inch ampli-

-tude oscillations of periods 1.8 and 5.5 mins. respectively occurred in

the Duncan Basin. Row e shows that a cyclonic storm (low pressurc)
passed over Cape Town and high winds (row a) of mean velocity 18-24 mph
(min 0, .max 46 rnph) prevailed. Apart from an undoubted correlation be-.
tween storms and the occurrence of surge at Cape Town, there were many
exceptions which often made the causes indefinable. In the case of the

Cape Town data there was serious need of ordinary swell recorders,

. which were unavailable at the time. In the case of the Monterey data of

Drawings 6/17/9 it is felt that there is gr-at nced for precise wind and

barometric pressure data to define the vital links for understanding the

cause of surge excitation, It is strongly recomimended that anemometer
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and baromeceter cquipment be instailed and i-outinely maintained at

Mcenterey Harbor, Mess Landing and Santa Cruz.

It may be noted that essentially the same conclusions as have been
arrived at in paragraphs a, b and ¢ above were drawn by Marine Advisers
in their rc.;port of July, 1964 (p. 19). It may be said too from the writer's
experience at Cape Town that conditions that would cause the strongest

currents in the basin entrances would always be seiches of periods long

.enough to pump the basin arcas, 7This requires an external excitation of

a period long enough to cause a general rise and fall of water over the

entire basin area.

The Corps of Engineers' data in Drawings Nos. 6/17/19 would seem
to indicate that at Marine Adviscers' (MA) Sensor 1| in the NE corner of the
marina at Monterey Harbor, preponderant periods through January 1964
were from 160 to 280 secs. While it is realized that registration of the
heights of these period waves is merely an index of long-period agitation..
it would appear, on reference to Fig. 13e, that a more satisfactory
register for Sensor 1 would have been oscillations in the period range
from 4 to 6 mins. For Santa Cruz Harbor the registration of periods in

Drawings Nos. 6/17/19 is more in accord with the indications of Fig. 15¢c.

It scems appropriate to consider here the results of measurements

“and analyses made by the Army Engincer District, San Francisco, and

the Watcrways Experiment Station, Vicksburg of wave cunditions obtain-
ing in Monterey Hurber in 1940-47. Wave gage locations at that time

were ¢ the three posiiions 1, 2 and 3 marked "C.E. Station” in Fig., 12.
Typical sampies ol traces obtained at that tinie are reproduced in Fig. 18

(ct. Hudson, 1949) though locations of the records are not identified.

By an analysis procedure, indicated in ln. 15, for estimation of
wave heights end periods, results were reduced to the form shown in
Fig. 19 (Hudson, i94%. The graphs here cover three bands of wave ire-
guencies, short-period, int smcedicte-period and lone-aeriod. These data
serve o match periods with hesghts in o sanner that camnot be construed

trein the intorination presented in Figo beo It is evidern that amonyg short
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period waves 12-sec. peri-o'dicities tend to predominate in height. In the
intermediate range outstanding peaks occur at about 55 secs. and 2.5
mins. , while in the long-period range the prominences are found at 3
mins., 5 mins., 8.5 mins., and 1l to 12 mins. Unfortunately no indication
is given as to the specific locations for which these results were applicable
| though it must be inferred that they reflect the wave conditions in the har-
bor as a whole. '
10. Chryétal's Method of Residuation Applied to Typical Field Data
(SEA-Analysis).

By way of securing an independent evaluation of the surge conditions
in Monterey Bay, a method of analysis found to be of great value in the
studies of surge action in Table Bay Harbor, Cape Town, was applied to
typical samples of wave records obtained from MA sensors, CE wave
gages and Coast and Geodetic Survey tide gages. This method, due
originally to Chrystal (1906), successively ‘residuates' a given wave

record by extracting from it an apparently obvious periodicity.

The fact that amplitudes of oscillations in a record are highly vari-

able does not affect the penerality of the method. The occurrence of a
beat oscillation, for example, resulting from two wave frequencies-of
similar value, would tend to show amplitudes varying with time, but the
Method of Residuation will ext.ra'ct the entire beat oscillation if the correct
combined wave frequency within the beat is used. It would equally well
climinate the beat if two residuations were performed to extract the two
component frequencies separately, provided these could be identified.
Invariably the removal by residuation of one wave frequency from the
record will reveal another that may have been obscured and will permit

- the residuation process to be repeated until only 4 relatively smooth trace

remains,

The process by which this graphical residuation analysis was accom-
plished is illustrated in Figs. 20 to 25, which show successive residuations
performed on typical wave recerds and the suspected periods extracted at

each step. -
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